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FOREWORD

This report was prepared under task number 314802 by I/Lt Paul
J. von Doehren, Air Force Rocket Propulsion Laboratory (RPCL). The
general format of this report is based in part on a compilation (nbt
published as a formal report) by l/Lt Williaw H. Summers, .P.RPL ,R,'
prepared in May 1963. The densities and heats of formatie.s of solid
propellant coponents were abotracted frem an unpublire.ed compilation
bv Curtrs C. Selph, AFRPL (RPCL). Acknowledgement of assistance
received in the assembly and verf__c!..en of thz; diat• prci-ted in
this report is extended to the Liquid Propelient, Solid Propellant,
and Chemical and Materials Branches of t-!e Propellant Division,

i AFRPL..

.Cla,&ified inioz-mation h?- been extracted from documents listee
under "References" marked vwth an asterisk (*).

I This technical rc-port has been reviewed aiid is approved.

"0 B T F Coloel, USAF

Chief, Propellant Division,

•; LWOD H.DOUTHETT

Colonel, USAr
Commander, Air Force Rocket Propulsion Laboratory
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A compilationL of data on both liquid and solid propellants is presented
with emphasis on liquids. Physical properties of liquids include: boiling
point, freezing point, density, he, of formaticm, vapor pressure, critical
properties, heat of vaporization, ,-Iscosity and specific haat. A discussion
of the jreparation method, toxicity, sensitivity, compatibility and availa-
bility of liquid propellants is also given. Property data on solid propel-
.,.ant components consists of densitiim and heato of for-artion. The
of theoretical calculations on the performance of both liquids and solids
is presented and includes, when available and applicable, the maximum spe-
cific impulse, characteristic exhaust velocity, chamber temperatura, mix-

ture ratio, bulk density, maximum density impulse and mixture ratio, vacuum
specific impulse and are& ratio.
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INTRODUCTION

This handbook is intended as a source of general information con-
cerning rocket propellant properties and theoretic;. peri;Ualce. Ihe
inclusion (or exclusion) of a propellant or propellant combinetion dots
not ..cz sarily riiec the current Air Force interest in propellant
systems. Some genril CoMSUts concerning the treatment and ccapiplation
of data for this handbook are outlined in the follovlag para.raphq.

Liquid Propellant Properties

The sections on liquid propellant properties give physical property,
preparation, toxicity, sensitivity, compatibiliLy and availability data
for rocket propellants. Additional information in these areas is avail
able in many cases by referring to the original source. When several
different values of a physical property vmre found, in general, either
the one appearing most frequently or the latest value was selected. If
a value is in question or its precision critical then it would be advis-
ablo to refer to the original reference.

Propellant property information will be, available after june 1966
frori Contract AF 04(61I)-10546, "Engincering Property Data on Rocket
Propellants". The handbook published under this contract, wtan avail-
able, should be consulted for curront property information.

Liquid Propellant Theurctical Prforumance

The latest JANAF propellant data was used in calculating theoretical
propullant purformance on the AFRPL (IBM 7040) computer program. Curves
.0f specific impulse, chmunbor temperature, characteristic exhaust velocity,
etc. vt percent oxidizur wore plotted by hand and the appropriate values
extractod from these curves. The performance values are intended to
provid-t a rough means of dcturmining the relative 1'crit of propellant
c omb nations.

No allowance wasm made for thu gelling agent or emulsion external
phase when calculating the thooretical performance of metal suspension
syst•ms. Vie data for these systems can therefore be considered an upper
limit of prformance since the additives to produce gels or ermulsions

',have a relatively low performance level. The amount of degradation in
\performance will vary according to the amount and type of geill.ng agent
or"•xLternal phase used.

Solid Propellant Properties

This section gives densities and heats of formation for various
fuels, oxidizers, binders and additives. This information was originally
assembled as a data source for in-house theoretical performance calcula-
tions.

1. 1
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Solid Propellant Theoretical. Performance I
U The theoretical performance data fur *elected aol±d propellant coe�-

positions are listed accorel.ng to the fuel and oxidizer uaed. The infor-
mation was *a&�aembled from APEFL calculations and �ve�1able literature
and is intanded to giVe an overall view of the theoretical perfors�auce 'I
ava�1nbl� fr� s�1ccted 2oiid prcpeL�int co�p i�icn...

I
I

1.2
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I!. LIQUIL pRopELLANT FPOPERTIES
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Formula: N H
-~ 24

I . ristical Properties:
Boiling Point-: 113 0  C
Freezing Point: 1.40 C

Den.Aty Ma c @ 140 C1
Heat of Formation: +12.05 Kesl/mole @ 298.15"'K (2)

.'Vapor Prebsure: 0.204 psia 2 0 C
L 826 peia @ 70C()

Critical Temperature: 380 0 1
Critical Pressure: .~45 atm. (1)
Heat of Vapo~rization: 10..? Kcal/rnole @ 25.(0 C (1)
Viscosity: 0.9736 cp @ 20C (a)
Specific Heat: 0.738 cal/gm•C @ 25°C (i)

repartt~in: Hydrazine is manufactured by the Raschig proce$sa, which
involves the oxidation of ammonia to chloramine, either indirectly

A with aqueous sodium hypochlorite or directly with chlorine, and
subsequent reaction of chlorafsne with orceas ammocia. (9)

Toxiclty: If spilled on the skin or in the eytms, liquid hydrazine can
cause severe local damage or burns and can cause dsimacitis. In
addition, it can peneatrate skin to cause systamic effects similar
to those produced when the compound is swallowed oz inhaled. If
inhaled, the vapor causes local and systemic effects. Repiated
exposure may cause toxic damage to the liver and kidney, as well
as anemia. The threshold limit is I ppm (1.3 mg/cu m). (7)

Senstivitye: Hydrazine in a stable liquid under the extremes of heat
and cold expected in long-term storage. It will freeze, but con-
tracts,onqvessel damage results. Freezing does not affect the
chemical progerties of hydrazine. Thermal decomposition begins
at about 320 F, but if hydrazine is permitted to remain in contar.t
with catalysts such as copper, molybdenum or iron oxide, decompcsi-
tion may occur at room temperature. Liquid hydrazine is stable to
-hock. iydrazine vapor can be exploded by a spark or flame if it
is within the flammable limits. (7)

SCompatibilLty: The following metals may be used with hydjazine:
stainless steel (303, 304, 316, service limited to 160 1, 321 and
347), nickel, aluminum (3003, 5052, 5154, 1060 and 6061). Non-
metals include Teflon, high-density polyethylene and unplasticlzed
Kel-F. Thus far, a completely satisfactory lubricant has not been
developed. The Quigley Company's "Q-Seal" is being used with fair
revults. (7)

2.1
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Cost: $.72 per pound. 1~

!ReR rks - For additional 'r'format±Oi cOusuit references 1 and (12).1U Milfary Specification) Mi1-P-26536t PrOpellancs Hydrazjji 5
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S•~~o-iling Point: 87.5° ) '

Freeziul Point; - s5.4..i• ~Dens ity: 0.8743 @ 25 C ()i..

Heat of Forrtion: 12.7 Kcal/mole
Vapor Pressure; 49.63 mm l1 @ 25°C (,)

171 mm HS @ 50'C

Critical Temperature- ---
Critical Pressure:
fizat of Vaporization: 9648 cal/mole @ 25C()
Viscosity: 0.893 centistokes (1)
Specific Heat: 32.25 calimole°K @ 25°C (1)

Preparation: MMH may be pioduced by a modified Reaschig process;
methylamine is substituted for ammionia in the reactor with chlo-
ramine (see hydrazine). (9)

tpox.citv: Liquid *M in contact with skin or ayes can cause local
damage resembling burns; in addition, it can penetrate skin to
cause systemic effects. Inhalacion of the vapor causes from slight
to severe Irritation cf the respiratory passages, as well as systemic
effects. Evidence on the effects of chronic toxicity ii lacking.
No threshold limit value for MH has been recomended; consideration
of data on itj acute toxicity and analogy with U34 and hydrazine
suggest that the proper value should be below 0.5 ppm. (7)

S •itivt: ltH is a stable liquid under the extremes of heat and
cold expected in long-term storage. It will freeze, but because
it contracts on freezing there is no damage to storage vessels.
It is stable up to its atmospheric boiling point if kept from con-
tact with oxygen. Catalysts such as rust, copper or copper alloys
can cause it to decompose and finally to ignite. WM is stable to
friction or impact. Vapors of MMH within flammable limits can be
exploded by a spark or flame. (7)

CmUpatbilIU: The acceptability of materials in contact with MhH
depends upon the specific application for which they are intended.
The requirements for long-term storage differ considerably from
those pertaining to a once-used piece of equipment. If the proper-
ties (or orher aspects) of a material indicate the desirability of
its use, it would be well to *tv..luate this material with HM under
the conditions expected evzing operation before removing it from
consideration. Because of IO4M's solvent properties, no completely
suitable lUbricant hMs been found. (7)

2.3
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Availability: Retadily available. Present cost: $2.47 bulk pound.

Projected cost for larger scale production is $0.60 to $1.25/lb.
(9)

5i Military Specification, MII-P-27404, Propellant, Monomethyl Hydraxine

A I
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-- UNSYMTRICAL DIMETHYL ItDRAZINYE (UDMn)

Formula: (C ) NN

P-hysical Properties:
--c•ilins Point. 63 C (1)
Freezing Point: -57.21°C (1)
Density: 0.7861 @ 25°C (1)
Heat of Formation; +11.9 Kcal/mole @ 298.15°K (2)
Vapor Pressure: 2.3g68 9 25°C 'ell
Critical Temperature: 249 C ,

Heat of Vaporization: 8.366 Kcal/moke @ 25 C (1)
Viscosity, 0.509 cp @ 25 (1)
Specific Heat: 0.6526 cal/gm°C @ 25°C (1)

Preparation: UUMH -an be produced commercially by nitrosatiar of
dimethylamine, to N-nitrosodimethylamine, followed by reduction of
the intermediate to U-MH and subsequent purification. Ul•14 can be
prepared, also, by a modification of the Raschig process, in which
the chloramine intermediate is reacted with dimethylamine rather
than with itm onia. (9)

Toxicitv: LTWi. is mildly irritating to skin and eyes and can penetrate
skin to cause systemic toxicity, but it is not as dangeroue ifj this
regard as hydrazine. The vapor causes eye and respirarory irritation
ar well as systemic effects. The results of repeated exposure miy
be chronic poisoning, characterized by anemia, The threshold limit
of UIMI is 0.5 ppm. (7)

Sansity : l tJUH is not shock ':'.nsitive, It shows gSod thermal
stability, even up to its critical temperature, 480 F. The spon-
taneous decoposition temperature of UDYH in an atmosphere of nitro-
gen or helium has been determined to bA 740°F to 750 F at I atmos-
pherg, but decomposftion does not become explosive up to at least
1112 F. (7)

CompstibillU: UDMi is compatible with most comnon metals and may be
handled in containers made of those materials under a wide variety
of conditions. There is no known limitat'on on use of UUM with
nickel, Monel or types 303, 304, 316, 321 and 347 stainless steel.
It hLas been noted that aluminum is attacked to some extent by
dilute aqueous solutions of UDMH. UlH typically contains about
0.17. water. The u"e of copper and high copper al.oys is prohibited
in UtrtH transfer and storage equipment. In view of the variable
nature of the service in which nonmetals may be used, it is unde-
sirable to be specific regarding their performance. Apiezon L and
Reddy Lube 200, the best lubricants currently known, are satis-
factory for many applications. (7)

Availability: Readily available at $.56 a bulk pound.

Military Specification, Mil-P-25604, Propellant, uns Dimethyihydrazine

UNCLASS!F! nI
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I 50/50 UEr/N C4 (AEROZINE 50)

B Composition: 51% N 1449% (tH4) 2 NINE2

now Fhtiy ical froperties:
Boiling Point: 70,1 0C (10)
Freezing Point: 17. 3°C (10)
DensityY: 0.899 g/cc @ 25 C (10)
Heat of Formation:* 12.251 Kcal/mole 0 25°C (calc) .10)
Vapor Pressure: 14 2b1 mnm Hg @ 25 C (10)
Critical Temperature: 334 C (calc) (10)
Criti-ýal Pressure: 115.4 atm (calc) (10)
Heat ,,. Vaporization: 236.7 cal/gm (calc) (10)

Viscosity: 0.91 centistokes @ 25 C (10)
Specific Heat 0,694 cal/gm0 C (10)

Preparation: 50/50 is a mixture of commercial concentrated hydrazine
and commercial UDMli in approximately equal portions by weight.
Typical composition: N2 H4 51.0%, UDMH 48.2%, H120 0.5% and other
impurities 0.3%. (10)

ToxLcity: UDMb constitutes 90% of the vapor. It may be ahorbed
through the intact skin, by inhalation of fumes and by ingestion.
50/50 can cause irritation of the mucous membranes of the eyes,
respiratory paasages, lungs and gastrointestinal tract. Immediate
symptoms of inhalation are chest pain, coughing, wheezing, nausea
and vomiting. If large amounts have been inhaled, pulmonary edema.
may occur. Allowable concentration, 0.5 ppm. (11)

'Sensitivity: Both constituents react with air so that 50/50 should
be kept under a nitrogen blanket. (See UDXH and Hydrazine) (13)

C6mpatibility: Compatible with: stainless steel, aluminun, titanium
and nickel alloys, Diamine Nylons, Teflon, certain butyl-rubber
compounds, graphite and some silicone-base greases. Alloys of
copper may be used only in specific applications upon advice of a
metallurgist. Alloys of magnesium and zinc are not recommended. (10)

Availability: Readily available iit $.66/1b.

Remarks: for further information :;ee references (10) and (11).

kBased on the composite formula C 0.678H .356N2.0

Military Specification, Mil.-P-27402, Propellant, Hydrazine-
uns-Dimethvlhydrazine (50% N2•4 - 50% UDMH)

2.6
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-CH119532

Physical Propertiles:
joiline Point: 177 to t74e C w if d MFreezing Point: -sr c (The erosene

nsi- tY: 0.801 to 0.8015 g/cc 200C 01-4ii Spec)

T eat of Formation: -5.76 Kcal/mile (3)Vapor Pressure: 0.36 psia @ 66°aC (1)

Critical Tctperature. cat
Critical Pressure:
Heat of Vaporization: swa
Viscosity: 1e.5 centistoked @e-34.4C (Mil Spec)
Specific Heat: ---

Preparation: RP-1 is a straight-run kerosene fraction, which is sub-
jected to further treatment, i.e. acid washing, sulfur dioxide
extraction. Unsaturated substances t•eich polymerlze in storage
are removed, as are sulfur-containing hydrocarbons. The kerosene

must be obtained frel crudes witus a hith inaphthene conpent. (9)

Toxicity: Ron- produces moderate skin irritatbon and awter more than
momentary contact can cause scaling and fissuring of the skin. The
main danger comes from accidental swallownes; while not especial-y
toxic by this route, gasping while swallowing or aspiration frkn
improperly induced vomitina can introduce ane liqdud bnto the lungs,
and pulmonary edema may ensue.

Sensitivity: RP-1 is chemically stable and tnsensitive to shock. It
shows Moolt thermal stability over a wide range of amblent storage
temperatures, but exposure to high temperatures accelerates the
formation of gum and sediment.

Co~patibilit : Steel should be used with RP-I, Copper alloys (with
bra- s, bronze or beryllium) should not be used where they will be
continually in contact with the fuel, as they promote gum forma-
tion. Thne following non-metals may be used: vinyls, Teflon, Kel-F,
polyethylene, polyamides, neoprene, Buna N and asbestos, cork and,
paper gasket materials designed for this service. Graphite-base,
molybdenum-disulfide and some silicone and fluorocarbon lubricants
may be used. ".....

Availability: RP-I is readily available at $.15 a pound.

Military Specification, Mil-P-25576, Rocket Fuel RP-1
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Boilin'g Point. 20.39 K()
Freezing Point: -259.,14 C(1

Den3- '' .0.071cy &/cc ca zo.JK (1)
H1eat of FarmatiorL, -1.887 Kcal/mole @ 20.40K(1
Vapor Presst1.r: - F)
Critic~al Temnperatcure: 33.26 ~K(>
Critical Proýure: 12.8 a (s.
Hecat of VJaporization: 0.2193 V- I (utle @ 20,38 C (1.)

Spý'ific Hleat 1.45 cal/W 0 -2,53 r (1)

.PraaAtlon: Hydrogaq is poduced from~ by-product hy&d ieN. froma
petroleum~ refinin6 an the jpart'D'l oxidation of fua! oil. ¶iYto
gaaouv hyczoaot im purirfied to 996990' per cent, and then liqui-

C ±ed ir the presence ot pramagnetic Mlt~llic oxidde. It to om
yt.pO~ (i 99. 79 li-r cent par hydrogen. (9)

Hc~:iydrogen~ int not toxic in the uesual aenae. Sario!.a burns~
van result when Akin or other tiosuos cow-~ into contact Vitb the
)Jqui~d or with pipes; and valves contaiaing tho liquid because of
ito temlperaturcl. The &as can exclude oxygen and cause nphyxdit-
tion. Colli hydrogeii vapovo carn Itmo "burn" the skin. (7)

ttj:X Liquid hydrofton is ultemically stable. Becau t of its
low boiling poInt, it ]-a phymiieally st~ibl only when stored under

CcýUaSrtibilit: . Ze 4bility of matrialu to retain sat~aactory
properties anid withatand stressee cauaed by large temiperature
changea iii of primie inmportan'io, Suitable metals include: stain-
loss steel (300 and other st'stenitic series), copper, bionse,
brass, Monel, alucainuia and Ever^ - Non-rnetals~include! D*cron,
Teflon, Kel-F, Asbestoia impregi.,.-a~ with Teflon, Mylar f~ilms and
Nylon. Lutricants itre generally not practical in the presence
of Iliq%%id hydrogen, for they so1±uify and become brittle at the,
liquid's twipersture. Vacut.m= grouse it; satisfactory as a sealant
with "Y' rings. (7)

Avallability! Readily availabl.e, present cost is $.85 per pound.
LargexL scale production is expected to reduce the cost to $0.50
Per' pound. (9)

Military 3pecification, Mil-P-271O1, Propellant, Hydrogen
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•oi_ N H ,

Boilizag Point: 134C
,i -e, inS Point: -77.7 C 0
ansty: 0. 6920 g/cc @ -33.4 (1)
Heat of Formation: -17.L4 £caJl/mole (1)
Vapor Pressure:
Critical Temperature: 132.4C (1)
Critical Pressure: 111.3 atm (I)
Heat of Vaporization: 4805 cal/aole @ •C (g) C
Viscosity! 0.266 cp @ -33 C (1)
Specific fHeat: 18.12 cal/mole C @ -33.1 C (1)

Sg: Ammonia Li produced by the Uiaber-Boach procis, in
which the elements, nitrogen aid hydrogen, ore united it a temper-
ature of 500 to 600 C and a pressure ot appraximately 200 atW in
the presence of a promoted iron catalyst. (9)

.Totct :y: Liquid armonia, bec*tuso of its lOw temper'ature and Gauutic
properties, can cause damage to the skiu and eyes, The vapor Ls
irritatlng to the skin, eyes %nd respiratory tract. The threshold
linit value is 50 ppm. The odor is usually detectable btloy the
litmit. Inlu.ation of concentrations sround 2500 ppm axte hazardous
to life in one-half hour. (7)

tmi jt.,: Anmonia it very . and is not shook s•,sitle. It
in thermally atable at temp-raitureu as high an 480 C, above which
dissociation to nitrogen atnd hydrogen begins. (7)

CgM •bjit: Anhydrous amsonia (liquid) and awwonia vapor may be
used with nickel and stainless steel (300 and 400 series) at all
tomperatures and vith stoel a1t a•mbient temperature*. Teflon,
Kel-F and pure asbeatos may be used. Fluorolubes or the perfluoro-
carbons may be used as lubricants. Other materials which hv booen
tested and approved for amonoa service may be used. (7)

ila it: Anhydrous wonia is readily available at $.05 a pound.

Military Specificetion, Hil-P-27406 (Not Approved)
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Formsla: B.

"Boiling Point: • of,(16)
Freezin Point: 6 C (16)
Den.ity: 0.618 8/cc @ 25 0 C (16)
Heat of Formation: +7.74 Kcal/mole 298.15 (2)
••9Vapor Pesure: f: 7 mm Hg @ 0.0 C (16)

4.0 psia @ 25 C (16)
Critical Temperature:
Critical Preasure: ---

esat of Vapor .zuatton: 7,#8 Kcai/mole 0 25°C (16)
:Vi~ ty: 0.499 centiatoket @ 25.C (16)
Specdfitc 36.2 Cal/molc C@ 25%G (16)

'r!iatito; Poutaborant Is produced by the pyrolys-s of diborane;
the conversion is not a clean cut reattion. The resultiag products
are dependent upon the pyrolysis; tfperature. At 180 C the pre-
domiuant pr o.uct. are B519 dnd Bloli 4 . (9)

Lic ".t,: Inhalation is the most common means by which poi.taboran•
entern the body, In most case.) of poisoning, there will be aigns
and symptoms of the involvement of the central and possibly the
peripheral nervous systems. The onset of symptoms may be delayed

* seoveral hours. FUposure, may cauuv abnow alities for sevviral days
despite outward appearanci.t and recovery may not bo complete for
several weeks. The threshold limit is 0.005 ppm (0.01 mg/cu m). (7)

ý,n:jitvivt: In the absence oi air or contaminants,,pentaborane is
stable at room temperature. It decomposes at 302 F, but not ex-
plosivoly. Small amountu of oxygen or moisture will cause solid
deposits to form in pentaborane. Metal oxides also affect its
stability. (7) Pentaborane, by itself, ts insensitive to shock,
however, it may form shock sensitive compounds with most chlorinated
oxganic compounds having more than one chlorine per carbon or con-
taining carbonyl groups. (16)

CaLlibiliv The following metals are approved for use: aluminum
(5052-S, 6061-T6, 7075-T6, 2024-T3, 3003-1114, 35K-T6) (These alloys
may be anodized), stainless steel (18-8 series), low carbon steal.,
K-Monel, Monel 14-8330-B, nickel, Nichrome 'V" Magnesium, Fed-QQ-M-
44A and "ed-QQ-M-56-A263, titanium C-130AM and C-1IOAM, copper,
brass and Hastelloy. The following normetals-may be used: Kel-F,
Kel-F-5500, Teflon, fluoronilicone rubbers, Fluoroflex "T", glass,
Viton "A" and "B", dry asbestos, Garlock 230 and carbon. The fol-
lowing lubricants may be used: Graphitar Nr. 39, Hercules No. 571
Kaobestos, Rockwell Nordstorm Lube No. 921 and Gulf Harmony Oil
Nos. 44 and 69. Pentaborane forms shock seasitive mixtures with
some solvents. (7)

2. tO
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AyailakLity Produced by Callery C~hemnical Co. 1o Jur r I p 0-

duction. A lhimited quaintity is in storage at the presont ftne,

1 4Remar~ks: For further information sea raferences (15) anid (16).

Military Specificati~on, Mil-P-274O3, Propellant, Pentahorane
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DIBOR.Q'E

Formula: 2 H6

Thysiedi. Properties:
Boiling Point: -92.5 c (C)'Freezing Point: 0.i5 5 C 1
Density, 0.437 g/cc @-92.6°C (1)

.• • of ... ig io... ... + , 3 I /,l @ -91.,. C"ItI
Vapor Pressure: ---
CrTtical Temperature: 16.7 C (1)
Cztitial Prtasure: 39.5 aim ()
Heat of Vaporization 3.413 Kcel/mole @-92.5g C (i)
Viscotity: 1.33 millipoise @ -92.5-G (4)spocif ic }Heau;: 18.5 cal/mole°0K @ -925 50 C (1)

Prarto: Diborane may be mnade by a number of processes. In
general, the methods zlie-tho composition of a metal born-
hydride, •icraduict•fn of a metal borofluoride, or the reductionof a bo;Zm halide. Diboran ,may be produced by the reaction of
an alkali metal borohydridn. (LiBH ) with (boron trichlorlde in an
invict aolvo.nt. 'lbo d;iborane in pur:ified by velective liquifica-
tlioi at a low temperature. (9)

Toxicity: Diborano is a highly toxic irritant to the pulmonary nyi-
tea.. It is not known whethe severe or repeated exposure would
result in purmanont injury. Diborauc may impair the sense of
smell tind Llivrofore odor is not to be relied upon as a means of
detection,. Cough and tifhna,2 in the cheat; follow inmediately
upon exposure awd serve as a sarniag. Threshold limit is 0.1
ppnn for 8 hr daily exposture. 1±zadeuu mxposure occurs only by
inhalation. (15)

S stit: Diboran is a very flammable gas with -ide explosive
limits and high flw and deoton•ation :'poeds. Although diborane
1pi eIf is nut spontancotty flammable in air at rwAn temperature,
it may be, ignited by a static spark, heat of reaction, heat of
absorption or the spontaneous ignition of onte of its thermal
deconponition products. (4)

CPm1attbi1ity: Th followi.ng materialp of constructlon were foind
to be suitable for use with gaseous diborane on exposure at
ambient temperatures: Teflon, KeY-F, Saran, brass, lead, nickel,

K Moncl, low carbon steel, stainlenu steel 18-8, asbeastoo-
graphite-copper valve packing and Vaseline-paraffin-graphite
lubricant. (4)

Avatlabitt: Limited avnilability at the preient time.

Military Specification, None
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- ME- I

2 23. NH. (C0 (C. 4 15." 1 1 9 10 0 25 N" 2 72 5 ) .

34._% alLraite INR IkNOI

fBoiling POint: 107.3- (21j..
Preezing Point: -54 0 C (2)
Density: 1.084 g/cc @ 25 0 C (21)
Heat of Formation:* 0.04 Kcal/mole (caic) (3)
Vapor Pressure.; 0.50 psta @ 2g0 C (2C)

5.4 pita @ 71 C
Critical Temperature: -
Critical Pressure:
Heat of Vaporization: -
Viecosity. 3.6 contist 2 kes @ 25 C (21)
Specific Heat: 0.62 Btu/lbvP @ 25°C (21)

C: 86% ZOH ( R . 8 1 15 6 2 N2 0 )
14% N2H4

Boiling Point: 920° (Calc) (21)
Freezins Point: -60 8 " (21)
Density: 0.90 g/cc @ 15.6 0 C (Caoc) (21)
Heat of row~ation:* 12.58 Kcal/mole (calc) (3)
Vapor Presdure: 0.5 psle @ 15. 6C (caIc) (21)

9.9 psi& @ 79.8 C (1critical Tmpvatur•a: 264 a C (21)

Critical Pressurei 93.5 atm (2)-
Heat of Vaporization ---
Vircouity: 1.3 contisutkei @ 1566 C (21)
Specific Heat: 0.71 Btu/lbg @ 15.6 C (21)

C omsoiln: 55% MKH (Co0 541R5. 17300. 2 73N2 .091)
26% N v19% IN2RNO3

2 5 3
lhvmicuI Pto~merteu:

boti Po-int. 80so (21)
Freeaxin Point: -57 C (21)
Density: 1.011 S/hc @ 25°C (21)
Heat of Formation,* 5.936 Kcal/mole (cal) (3)

*Based on cmaposite irwua

2e13
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Vapor Pressure: 0.77 psia @ 2g7C (2!
7.7 psia @ 80 C (21)

Critical Temperature: ---U Heat of Vaporization: ---

Viscosity: 1.9 centistokes @ 25 C (21)
Specfi Heat; B.OU flLU G 250 L. LJ)

Preparation: The MHi fuels are prepared by ,ix ing Zogethet the
individual components.

Toxicity: For toxicity information refer to the section on hydrazine
and monomethyl hydrazine. The toxicity limits are estimated to be
the same magnitude as the major constituents 0.5 to 1.0 ppm. (21)

Sen3itivity: The mixed hydrazine fuels are safe Lo handle. They have
been found to be insensitive to shock by three different tests:
JANAF drop weight test, the Frauzl Block test and the JAHAY card
gap cest. MHF-3 ,-as shown to be the safest of the three blends.
In addition, M1W-I has been found not shock sensitive per the Ice
explosive test. MRF can form flammable and explosive mixtures in
air.

CoMpatibiltt; MHF is relatively noncorrosive for most stainless steel
and aluminum alloys. The compatibility of MHF-3 was established with
aluminum (2014, 2024, 7178), the high-strength steels (AFC-77, AM301,
cryogenic stretch-formed) and AM357. The long-term compatibility of

* aluminum alloys with MIE fuels is excellent. The Hastelloys, Monel,
40E aluminum, mabnesium, zinc, lead, copper and its alloys "rd iron
are not recommended for use with HMR. The following non-metals are
also compatible with MHF: braidei asbestos impregnated with Teflon,
Teflon and high-density polyethylene, Garlock 735, Mylar film and
unplasticized Kel-F. MWF decomposition in the presence of m=tals
is observed to occur in two phases: a steep initial rate as the
surface is passivated and then leveling off to a relatively lower
rate characteristic of the material.

Availability: Availability only limited by the availability of the
ingredients.

Military Specification, None
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MAX- I

S~~~50.5% Diethylene-triamine (DETA)•i=•::

9.0% Acetonitrile (CH~CM) (22)

Boiling Point: 77°C (22) •"••
Freezing Point: very viscous at -70°C -

0(22)seta to glass below -100°C (
Density: 0.869 g/cc @ 25°C (22)
Heat of Formation:* 7.20 Kcal/moe (22)

Vapor Pressure: 104 mm hg @ 25didC ae(22)190 mm Hg @ 40 . 2C (22)
Cr itical Temperature: ---

Critical Pressure: ---
Heat of Vaporization:Viscosity- 0.58 cp @ 71°0C (22)
Specific Heat 0.67 Btu/Ib°F @ 25°C (22)

ea on: Prepared by mf ing the individual components.

-- • Toxicity: A rough estimate of the toxicity limits can be gained
from its components. DETA has a concentration limit of 20 ppm

° ~and UDKHl has a limit of 0. 5 ppm. (22)

Remarks: Additional information on this propellant is not available
at this time.

*Based on the composite formula C2.0H1882N219
2. 708 8. 822 2. 196

Military Specification, Mil-P-23741, Propellant, Mixed Amine Fuel
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HYBALINE M4

Formula: C2NH! 9A1B3

Physical Properties:
Boiling Point-, grat% t-'n 1.20 C(6
Freezing Point: -7.5 C (Melting Pt., 4.5 C)- (6)
Density: 0.759 fm/cc (6)-
Heat of Formation: -16.5 Keal/mole (6)
Vapor Pressure: 2 = Hg @ 25°C (6)
Critical Temperature: ...
Critical Pressure:
Heat of Vaporization: ---
Viscosity: 9.2 cp @ 200C (6)
Specific Heat: ---

Preparation: .... Al(BH4 ) +(CH3ýNH ---- (C, LANH- A1(BH •Reaction carried 4ot in inert solvent such as n-Qxane or benzene

Toxicit : Hybaline appears less toxic by inhalation than hydrazine,
UWhH, Aerozine 50, pentaborane, diborane, IRFNA and nitrogen
tetroxide. Although skin contact with the Hybalines must be
avoided, protection requirements are no more stringent than for
several of the other high energy fuels. No limits have been estab-
lished for maximum allowable vapor concentrations. Personnel should
not remain in confined areas where significant quantities of Hybaline
have been spilled without air supplied respiratory equipment. The
decomposition products of Ilybaline way contain boron hydrides such
as diborane. Skin and ey,; contact with Hybalines will cause burns
and must be avoided. (6)

Sensitivit : Ilybaline A is not considered shock sensitive. Negative
results have been QbLained for No. 6 blasting cap tests and the Olin
Mathieson drop weight tester. Hybaline A oxidizes slowly in dry
air. However, it readily ignites in moist air or water. Hybaline
A should not be exposed directly to Ehe air, but bhould be handled
in an inert tmosphere such as nitrogen or helium. Oxygenated ccxn-
pounds can also ignite Hybaline A. Overheating can result in the
release of hydrogen from Hybaline A. All storage tanks should be
provided with pressure gauges and over-pressure relief devices to
prevent excessive build-up in pressu-e due to external heating. (6)

Compatibility: Static compatibility testing of Hybaline A-5 has shown
the following materials to bA. compatible: steel, 304 stainless steel,
copper, nickel, Monel, tinned iron, galvanized iron, aluminum (2219-
T89, 2014-T6), Titaniwm 110, Teflon, Viton A, Neoprene 7794 and red
rubber. Compatibility with A-4 should be thu same.

2.16
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Aalblt:Nn ud~ pouuds of A-4 have Lear, pro4isedeQ- by 4 Unau
U •Ca'bide Corp (disregarding A-4 used in preparato!' of A-5). Te

production facility is on standby at the present time. A.pro*-inqtelyU . three months would be required ti reach fullptoduction capacity.

t r: For further information consult reports resul.ting -frgm•p.ontract
AY0(6lt)-8164.

Military Speci:Lcation, None
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IYA M -5

F.orctulY 94 AAIB3
1.4- •: 1 7.94A3

Physical Propertlas:
Boiling Point: 263 C
Freezing Point: sets to glass below -400C (6)
melting Point: 400 (6)
Density: 0. 736 &-n/cc @ 20°C (6)
Heat of Formation: -16.5 Kcal/mNle (6),
Vapor Pressure: 3 mm Hg @ 25 C (6)
Critical Tempezature: ---
Cr-itical Pressure:
Heat of Vaporization 4990 cal/mole (6)
Viscosity: 6.78 cp @ 20°C (6)
Specific Heat: 0.621 cal/gm @ 20°C (6)

Preparation: -2AI(BH4 ) 3 + CH 3NH 2 + (CY 3 ) 2NH-*
CH.NH,-Al(BH,)., + (CH ) NH-.(l4BH,.,

(53 wt %) (47 wt 7.)

Rcac~ion carried out in inert solvent such as r,-he.ane or benzene.

Siit : Hybaline appears less toxic by inhalation than hydrazine,
-U-E"Mf, Aerozine 50, pentaborane, diborane, IRFNA and nitrogen
tetroxide. Although skin contact with the Hybalines must be
avoided, protection requiretments are. no more stringent than for
several of the other high energy fuels. No limits have been
established for maximum allowable vapor concentrations. Personnel
should not remain in confined areas where significant quantities
of Hybaline have been spilled without air supplied respiratory
equipment. The decomposition products of Hybaline may contain
boron hydrides such as dborane. Skin and eye contact with Hyba-
lines will cause burns and must be avoided. (6)

Sesitivity: Hybaline A is not considered shock sensitive. Negative
results have been obtained from No. 6 blasting cap teats and the
Olin Mathieson drop weight tester. Hybaline A oxidizes slowly in
dry air. However, it readily igniLes It, moist air or water.
Hybaline A should not be exposed directly to the air, but should
ue handled in an inert atmosphere suet as nitrogen or helium.
Oxygenated compounds can also ignite Hybaline A. Overheatiag can
result in the release of hydrogen from Hybaline A. All storage
tanks should be provided with pressure gauges and over-pressure
rnlief devices to prevent excessive build-up in pressure due to
external heating. (6)

2.18
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Comatbi~it: Static compatibility testing of Hybaline AS has shown
the following materials to be ccpatible: steel, 304 stainless
steel, copper, nickel, lionel, tinned iron, galvanized iron,
a1~in'.= /1,22119- a." 2C14-T&), titani-Um 110, Teflon, iicton A,

45 M eoprene 7794 and red rubber.

AvailabliL~tv: A total. of 11,716 pounds of Hybaline AS were produced

capacity. Cost: $76 per pound. The projected cost of Hybaline A3
in large production quantities has been established at $20 per
pound for quantities up to 300,000 lbs/yr and $18 per pound for a
production rate of 600,000 lbs /Yr.

Remarks: For further information consult reports resulting fromi Con-
tract AP 04(611)-8164.

Military Specification, None
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I" ~ ~HY=AINE B3

Formula: BeE 2C 3 N

Physical Properties:
Boiling Point: greatar thau 270°C (6)
Freezing Point: -'c* ..800Z & '23°C f-)-
Density: '.667 gm/cc (G)
Heat of Formation: 19.5 Kcal/mols (6)Vapor Pressure: 1. 5 mm Hg Ca 25 C (6)

Critical Temperature: ---
Critical Pressure: ---
Heat of Vaporization: ---
Viscosity: 3.4 cp @ 20 C (6)
Specific Heat. 0.625 cal/Sm @ 20 C (6)

i •.Preparation: Be (BHA) -.(C245) 0 +. CH3 NH" il CH NU" -Be(BE4)Reaction carried out in pe)roleum ether or dle hyl ether

Toxicity: IThe main consideration in the use of Hybalinf B3 is th,%
b~ryliiun toxicity. The manifestations of beryllium poisoning
have been divided into three classes: acute berylliosis, chronic
berylliosis and dermatitis. The mcre serious effects are due
entirely to inhalation of beryllium or its compounds. The onset
of symptoms accompanying chronic berylliosis may be delayed as
much as 10 years or longer after the last exposure. (8) In
addition to beryllium toxicity, skin and eye contact with B3
will cause burns. (6)

SensitIvit: The same considerations apply to B3 as apply to Hybaline
A (See Hybaline AS). (6)

Cot.2atibi.L. j: The compatibility should resemble the Hybaline A
scries (See Hybaline A5). k6)

A valability: A total of 199 pounds of B3 were produced by Union
"Carbide Corp under Contract AF 04(611)-8164. The production
facility is on standby at the present time. Cost: $300 a pound.
"A limited quantity is available at the present time. (8)

Remarks: For further information consult reports resulting from
Contract AF 04(611)-8164.

Military Specification, None
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3 GELS AND EM1ULSIONS

The performance of many propellant systems can be- improved by the addition
of the l1ght met -s or their hydrides. Gel and emulsion techniques are

Gels:
A gal is obLsined by either chemlcally or mechanically itmobilizing the
liquid and trapping the metal or hydride dispersed throughout the liquid.
The gel should have a sufficiently 'high yield stress to support the sus_
pended solid and prevent it from settling out as a result of normal
handling and storage. Ideally the gel acts like a solid during static
conditions yet behaves like a liquid under flow conditions (low apparent
viscosity). (28) (29)
Gelling agents may be divided into roughly two categories: particulate
and swellable agents. Particulate gelling agents depend on the ability
of the particles to bond to one another by attractive forms in order to
form the necessary suspension network. Swellable agents are materials
(e.g. organic polymers an-' natural gums) which appear to depend on the
physicochemical interaction between the gelling agent and the carrier
fluid.

Physical Properties of Alumizine - 43G:
Boiling Point: NA, est. approx. 114 C (29)
Freezing Point: 0oC (29)
Density: 1.366-1.380 gcc @ 77 F (29)
Vapor Pressure: 0.27 psi @ 25 C (29)

1.8 psi @ 60'C (29)
00

-- Yield Stress: 0 1400 to 2200 dyne/sq cm @ 25°C (29)

Apparent Viscosity @ 25 C:
(Ferranti-Shirley Visco- -
meter) 29 to 41 cp (17,300 sece)

400 to 600 cp (300 sec ) (29)
700 to 1300 cp (100 sec L) (29)

Apparent Viscosity.
(Brookfield, Spindle
No. 4, 6 rpm) 35,000 to 60,000 cp @25C (29)

Emulsions:
A heterogeneous emulsion consists of a continuous liquid external phase

in which a discontinuous, r-miscible liquid internal phase is dispersed.

The internal phase exists as discrete globules that are held in suspension

by the action of surface tension in the external phase. The metal or

hydride is contained in the internal phase and can settle to the bottom
of the droplets but is prevented from settling further due to the inter-
face between the internal and external phases. As long as the emulsion
does not break, the particles cannot settle out. The yield stress of

an emulaion is the point at Vhich the internal phase globules can "flow"

and does not necessarily represent the point at which settling will
occur. (29)

2.21
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Problem Areas:
1.. Seiection of gelling or emulsifying agent
2. Compatibility of components .
3. Mechanical and chemical stability

4. BaLch-to-Latch uniformity "La

Remarks:
Additional information can be found in (28), (29) and "Bulletin of the
7th Liquid Propulsion Symposium," Volume 1, 19-21 October 1965, CPIAF
Publication No. 72,August 1965. (Confidential)

Military Specification, Mil-P-27412, Propellant, Aluminum Ilydrazine

I
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Ill. LIQUID PROPELLANT PROPERTIES

(Oxidizers)
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AV

Form 1a 07

Freezing Point: 2-A 81 8% (
Don & i 1.ii4 g/cc 18

Herat of Frcmacion: -3*'0$ Kcal/mole @ 90Q,2k )
Vapor Pressure: ---
Critical Temperatura: -lla.qpc
Critica] Prescvre: 49. atm (1)
Heat oR Vaporization: 1.63 Kcal/mole @ 1 atm (I)
Visctsity: 0.190 cp @ -183.0 C %l)
Specific he!.: 0.406 cal/sm°C @ -183.0'C (1)

Preparation: Liquid oxygen is obtained from liquid air by fractional
distillation. (9)

2ToxiLity: Non-toxic. If liquid oxygen spills on skin, injury re-
sembling a burn will result. Oxygen gas will net cause toxic
effects in propellant operations, except that inhalation of very
cold oxygen gas may cause some irritation of the upper respiratory
tract. (7)

Sensitivity: Liquid oxygen is chemically stable. It is not shock
sensitive and will not decompose. (7)

Cgmatibilit : Materials to be used in liquid oxygen equipment must
possess satisfactory physical properties at extremely low operating
temperatures. Acceptable materials are: stainless steel series 18-8,
copper, bronze, brass, Monel, aluminum, everdur, Teflon, Kel-F,
Asbestos and special silicone rubbers. Petroleum-base lubricants
must not be used. Special lubricants such as the fluorolubes or
the perfluorocarbons can be used. (7)

Availability: Liquid oxygen is readily available at $38.25 per bulk-
ton.

Military Specification, Mil-P-25508, Propellant, Oxygen
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FLUORENK

2

Boiing Point: 0

Freizing P-oint: 0l-0  
1

Density: @.0 /c( -188 C(1
Heat of Formation: -3.467 Kcal/lmole @ 85.2 0 K (3)
Vapor Pressure:-- 0
Critical Temperature: -129.2 C (l)
Critiral Pressure: ,55 atm 0(1)
Heat of Vaporization: 1.560 Kcal/mols @ -188 C (1)
Viscosity: 0.24 cp @~ -lg8 C 0(1)
Specific Heat: 0.367 cal/gm C @ -188 C (1)

Preparation: Fluorine is produced fromi a molten mixture of HF and KF
by an electrolytic procedure. (9)

Toxicity: If liquid fluorine comes in contact with the body, it will
cause skin injuries resembling burns that are likely to .be severe,
deep and slow in healing. Exposure to fluorine gas is a more likely
accident. The gas is highly irritating to the eyes and to the upper.
and lower respiratory tract. Repeated exposure to the gas may cause
chronic pulmonary damage. The threshold limit value of fluorine is
0.1 ppm (0.2 mg/cu in). (7)

Sensitivity: Unconfined fluorine is stable to shock, heat and electrical
spark. Containers of fluorine, however, must not be subjected to
shock or heat, as a violent reaction with the container is possible.
(7)

Comnpatibility: Liquid compatible with: Monel, aluminum, stainless
steel (types 304L, 321 and 347), copper and brasz. Gaseous fluorine
compatible with: nickel, Monel, steel, stainless steel, brar~e, copper,
alni~intun and magnesium. Teflon, (e i-F an6 Ralon are acceptable non-
metals for use at moderate pressure;, and low flow rates. Spray
coiuted or calcined aluminum oxide is resistant to gaseous and liquid
fluorine under flow conditions and at l.ow as well as high tempera-
tures (several hundred degrees C). There are no plastics acceptable
for use with liquid fluorine under flow conditions. There are no
reliable lubricants for flunrine service. (7)

Availability: CostL: $3.55 a pound, Projected cost: $1l.10 a pound. (9)

Military Spec ificat ion, Mil-P-27405, (Unapproved)
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R O79 0.9729i. 7..7.....

F~eeving Poinit:
Density: @.6 g/ee 0" T

SHeat of Formation: -41 Kca ole .O) o,
Vapor Pressure" . . -
Critical Temperature: --- - "
Critical Pressure:
Heat of Vaporization:
Viscosity: -.0.863 cp @ 21.2°' (C)-
Specific Heat: 0.417 cal/pm @ 20°C (1)

Preparation: Nitric acid is made by the catalytic oxidation of anuonia
with air or oxygen to yield nitric oxide (NO). The latter is oxidized

* to N204 wt"lh- when treated with water, yields nitric acid and may be
concentrated by-.distillation with sulfuric acid. Red fuming nitric
acids may be produced by passing gaseous N 0 into nitric acid. (9)
The % composition of IRU A is as follows:

NO N20 HNO Solids H1
2 23

Type lIlA 14 1.5-2.5 81.6-84.8 0.10 max 0.7

Type IIIB 14 1.5-2.5 81.6-84.8 0.04 max 0.7

Tocty: Because the liquid is highly corrosive, skin and eyes ctm be
severely burned by more than momentary contact. Another serious
hazard in the handling of fuming nitric acids is the inhalation of
toxic vapors, especially nitrogen dioxide. The threshold limit
value of nitrogen dioxide is 5 ppm. The chief danger from acute

* poisoning is the development of pulmonary edema, when the lung
spaces fill with fluid. The symptoms may be delayed for several
hours. The color of the fumes is not a reliable index of the degree
of toxic hazard. The initial symptoms of poisoning- irritation of
the eyes and throat, cough, tightness of the cheat and nausea - are
slight and may not be noticed. Then some hours later, severe symptoms
"begin; their onset may be sudden and precipitated by exertion.

* Coughing, a feeling of constriction in the cheat and difficult
breathing develop. (7)

Sensitivity: Nitric acid is stable to all types of mechanical shock
and iupact. (7)

Compatibility: The following metals may be used with nitric acid:
aluminum (types 1060, EC, 1100, 3003, 3004, 6061, 5052 and 5154) and
stainless steel (347, 19-9DL, 19-9DX, 304 ELC, 321, 303 and 316).

NC SSI3.3UNCLASSIFIED



AlIl othier fErrowii and twnierowu metai8 and their alloys axe p o-
hibite. Vne, follmicIn* b .oyIq - 4.

polyethylene and Resin-1. The foloig Iubri~cA~ts is4e be u461&

Nordcoseil-147-5, Fluorolube and Perfluorocatbono, .(:
Avia&i IRMlA -.s readily aviilable at from $406 i4Pr

pound depending upon typa and qu-4ntity.

Rejaks For additional information consult reference (7) u dl.
latest military specification,

Military specification~, Mil-P-7254, Propellant, Nitric Acid
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i ForMla: H,101 (100%)

Boiling Point, ISM

Freezing Point: -0.461.C .C.)
SDensity: 1.4425 0/cc @ 250C (1

Heat of Formation: -44.75 Kcal/mole @ 25°C (1)
Vapor Pressure: .0263 psia @ 200 )

0.5Z62 psia @ 70 C (1)
Critical Temperature: 457 C (1)
Critical Pressure: 214 atm (1)
Heat of Vaporization: 12.334 Kcai/msle @ 25°G (1)
Viscosity: 1.249 cp @ 20 C (1)
Specific Hear 0.632 cal/im @ 25°C (C)

&Oeparation: Hydrogen pcroxide is manufactured commercially by several
processes. Inorganic processes ,uploy the electrolysis of an aqueous
solution of sulfuric acid or acidit axionium bisulfate, followed by
hydrolysis of the peroxydisulfate which is formed. Organic proceases
include (1) the auto-oxidation of hydroquinone or one of its homologues
in a suitable solvent system and (2) the partial gas-phasc oxidation
of hydrocarbons. Dilute aqueous hydrogen peroxide is concentrated
to about 90% by conventional distillation. Higher strength solutions
are prepared by fractional crystallization of 90% feed stock. (9)

Toxicitxy: Contact with the liquid, mist or vapor produces irritant
effects. When the liquid touches the akin, there is a burnin" aen-
sation and the affected areas are bleached. Prolonged contact can
Scause burns. Inhaling the vapor irritates the respiratory tract and
may result in burning of the nole and throat, running of the nose and
coughing. The vapors can also irritate the eyes. Exposure to high
concentrations of a mist or aerosol of hydrogen peroxide, if not
washed away promptly, can result in delayed but severe damage to the
eyes. The threshold limit value of 90% hydrogen peroxide is 1 ppm. (7)

Sensitivity: Pure hydrogen peroxide in properly passivated containers
decomposes at a very slow rate. If otored in containers of unsuitable
material or if contaminated, hydrogen peroxide can decompose very
raf.idly, releasing large amounts of heat and gas. (7)

Compatibility: Proper selection and passivation of materials for handling
hydrogen peroxide are essential. Contact of the peroxide with incom-
patible metals or plastics or with nonpasaive surfaces anywhere in the
storage system can lead to dangerous conditione. Certain aluminums,
the 30G-series stainless steels and other materials have only a slight
effect on the stability of hydrogen peroxide and may be used for
materials of construction. Tanks for long-term storage (one week or

"VCA IF3.5
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more) are constructed of 1.060, 1260, 5254 or 5652 aluminum. Teflon
and Kel-F are suitable for flexible long-torm sitorage containers;
for ptriod. of lss than one week, sc•me polyvinyl chloride plastics
and silicone rtbbcrs =y !a, . uid. Wc.u ghi A153. 300-series stainless
steels are suitable for short-term storage. (7) -

Availabilit, : Available at $.31 te 1.43 pi puuud. I
MilltLry Specification, MIl-P-16005, Propellant, Hydrogen Peroxide

3.6
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S~CHLORIN,,E TRIFLUOMnE

• ! •~~ormu lxa : C iP 3•-

Physical Proe ries: 11.7 C . '()

Freezing Point: -76.3 C (1)
Density: 1.8806 9/cc @ 1.70%C (1)Heat of Formation: -42.04 Kcal/mole (3)
Vapor Pressure: 495 in Hg @ 0 c(1
Critical Tempezrature. 174 C (1)
Critical Pressure: 57 atm (1)
Heat of Vaporization: 6,580 calmole • l1.750 C (1)
Viscosity: 4.7W cp @ 11.75 C (1)
Specific Heat: 0.303 cal/gm @ 20°C (3)

Preparaticn: CIF3 is Prepared by direct combination of the elements. (9)

aToicity: The lUquid is highly corrosive; contact with skin or eyescould repult in deep, painful burns. Exposure to the vapor causes
irritation of the eyes and the upper and lower respiratory tracts.If concentrations are high enough, pulmonary edema may result anddeath may follow if quick dctioin is not Laken. Threshold limit is
0.1 ppm. (7)

Sensitivity: CTF is stible to shock, heat and ele,.trical spark. (7)

Compatibility: Such metals as copper, silver-solder, brass, steel,
magnesium, aluminum, Monel or nickel are satisfactory for use with
CTF owing to the formation of a passivating fluoride film. Monel,
18-8 stainless steel and nickel are preferred. Approved nonmetals,which may ignite when heated are: Neoprene (for protective clothing
only), Xel-F (not recommended for flow conditions), Teflon (not
recomnfended for flow conditions) and pyrex glass. The use of the
standard petroleum-base lubricant is prohibited. Fluorinated hydro-carbons may react violently with CTF. No completely satisfactory
lubricant is known. (7)

Avat iit : Present cost: $3.20 per pound. Large scale production
could reduce cost to $. 50/lb. (9)

Hilitary Specification, Mil-P-27411, Propellant, Chlorine Trifluoride
(tnapproved)
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N NITROGEN TETROXIDE

Formula: N0, 2NO2

Physical Properties:
Boiling Point: 21. 3 C (0)
Freezing Pcint: -31.35°C (1)
Density: 1.45 g/cc @ 200C (1)
Heat of Formation: -4.5 Kcal/mole (26)
Vapor Pressure: 5.0 psta @ 00C (1)

14.0 psia @ 20°C (1)
Critical Temperature: 158 0 C (1)
Critical Presrure: 100 atm (1)
Heat of Vaporization: 9.11 Kcal/mole @ 21.15°C (1)
Viscosity: 4132 micropoise @ 21.15 0 C (1)
Specific Hear: 0.368 cal/gm @ 20 C (1)

Preparation: Nitrogen dioxide is made by the catalytic oxidation of
ammonia; steam is used as a diluent to reduce the combustion temper-
ature. Most of the water is condensed out, and the gases are further
cooled; the nitric oxide is oxidized to nitrogen dioxide, and the
remainder of the water is removed as nitric acid. The gas is essen-
tially pure nitrogen terroxide, which is then condensed. (9)

Toxicity: The liquid is corrosive and severe burns of the skin and
eyes can result if not immediately removed. The inhalation of toxic
vapors is normally the most serious hazard in handling nitrogen
tetroxide. The threshold limit of the fumes is 5 ppm expressed as
nLtrogen dioxide, or 2.5 ppm expressed as nitrogen tetroxide. Te
main danger from acute poisoning is the development of pulmonary edema
which normally develops a considerdble time after exposure to the fumes.
The color of the fumes is not a reliable index of degree of toxic
hazard. The initial symptoms of poisoning - irritation of the eyes
and throat, cough, tightness of the cheat and nausea - are slight and
may not be noticee. Severe symptoms begin hours later. Pepeated
exposure to these f,,aes at low concentration levels may caise ulceras
tion of the nose and mouth, wearing down and decay of teeth and
chronic irritation of the entire respiratory tract. (7)

Sensitivitv: Nitrogen tetroxiHn is very stable at room temperature. At
302°F it begins to dissociate into nitric oxide and free oxygen. Upon
cooling it reforms into nitrogen tetroxide. (7)

CompatibilLty: Nitrogen tetroxide is not: corrosive to most common metals
at ordinary temperatures and pressures. The selection of metals sho-Ild
however be governed by the oxidizer's moisture content. When the NO2
moisture content is 0.1% or less the following metals can be used:
carbon steels, aluminum, stainless steels, nickel and Inconel. Under
wet conditions stainless steel (300 series) should be used. The

3.8UNCLASSIFIED



followinS no~metale may be tase4i cormitt (acid resistant), pyoxx
glass, Teflon, Kal-?, asbestos (Cottoiw..tt.) aa4 Polyethluem
(limit*bU4 Wuse) HyU&VarbuLI1 l.ubic&~ants =atI be *V.*4U5U. ~jrt4#ýQ11W4
series, Teflon tepe, Noardeaeel-l4?7 and DC234i5 1,Au-zz±c ;y m
used. (1)

ftaiabilitl: Readily available at $0.09/lb.

3.9
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fPERCLORYL FLUMIDE

Physical Properties:Soiling Polnt : -46. °C ()

Freeziig Point: - 1460C (I)
Densi ; 1.692 g/cc @ -46.80C (C)
Heat c_ Formation: -5.12 Kcal/mole (g) @ 25°C (1) (2)-1 lO al/mole (1) MD
Vapor 2ressure: ---
Critical Temperature: 95.2Oc (I)
Critical Pressure: 53.0 atm (1)
Heat of Vaporization: 4.6 Kcal/mole @ -46.8 C (I)

3.5 Kcal/mole • 25 0 C (I)
Viscosity: 0.219 cp @ 0.09C (1)
Specific Heat: 0.226 cal/mole C @ -46.46°C (1)

Preparation: Perchloryl fluoride may be prepared by the electrolysis of
a mixture of sodium perchlorate (NaClQ ) and hydrofluoric acid (HF).
Fluorination of KCIO 3 will also yield •he oxidizer. (9)

Toxicity: Should liquid PF splash onto the skin, irritation or moderate
to severe burns may result, depending on the amount spilled and the
length of time it remains on the skin. Exposure to moderate to high
concentrations of the vapor causes respiratory irritation and methimo-
globinemia, which, if severe, is accompanied by cyanosis (blue tinge
to certain mucous membranes).' Repeated exposure to lower concentra-
tions may cause anemia and the deposit of fluoride in bones and teeth.
The threshold limit for perchloryl fluoride is 3 ppm. (7)

Sensitivity: 0Perchloryl fluoride is thermally stable up to 8500 F. At
500 to 575 F, it hydrolyzes slowly with water to form HCIO4 and W"
at room temperature. (7)

CM~ibklt: Although at ordinary temperatures perchloryl fluoride
is .not corrosive to most common metals, moisture content of the PF
should be the governing factor in selecting a metal for this service.
The following metals are approved for use with Anhydrous PF: carbon
steel, aluminum, stainlCss steel, copper, brass and bronze, For PF
and water vapor the following can be used: stainless steel (types
304, 310 and 314), Hastelloy, tantalum, Durimet 11T1 and Durimet-20.
Owing to the lack of operational and long term data, the only non-
metal materials that can be recommended for severe service with PF
in a situation where pressure or flow phenomena may irritate com-
bustion or detonation are Kel-F and Teflon. Perchloryl fluoride

3.10
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should never be brought into tontAt- *Ltb% conventional or petrolemw
greases, oils, pipe compounds, etc. Th4 oaly lubricants fotmsL.to be
suitable are the fluorocarbons. (7)

Avaijabijitv-: Perchloryl tfaiorid Is available im smal quiia4tiesI fro~~~~~m several chemical cowpanits4 Pkroiactad cp~:~.3 uxeu. 9

Military Specification, Nona
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_____ ____ FLLORD
Formula: OF2

Physical Properties:
boiling Point: - 1453-C 0Y)
Freezing Point: -2.3.80C (3)
Density: 1. 46 s/cc @ -14&520C (5)
Heat of Formation: -7.14 Kcai/mcle (26)
Vapor Pressure: ---
Critical Tamperature: -59.7 C (5)
Critical Pressure: 49.5 atm (5)
Heat af Vaporization: 2.66 Keal/mole @-145.3°C (5)
Viscosity: 0.323 cp @ -155.8 0 C (5)
Specific Heat: 10.35 cal/mole0 C @ 298°C (5)

Preparation- Oxygen difluoride is prepared by reacting elemental
fluorine with dilute aqueous solution of sodium or potassium hydrox-
ide, accordin6 to the following reaction:

2NaOH + 2F2  OF2 + 2NaF + H 2 0

Olnly 50 percent of the original fluoride, at best, is recovered as
the oxygen difluoride. (9)

Toxicixty Precise and accurate data defining the toxicity of OF2 is
not avail&ble. Oxygen difluoride is a lethal gas, %.aAIparable to
phosgene, and has a peculiar smell similar to that of elemental
fluo-ine. It penetrates deep into the lungs by passing the bron-.
chin and dissolves in the delicate tissues. The full effect devel-
ops sometime after inhalation producing a delayed edema. The
symptoms are evidenced by a difficulty in breathing, irresistible
coughing, emetir' irritation, as well as a general tight feeling ia
the chest. A practical operating guide is to limit personnel
exposures to the levels practiced in handling peataborane 0.005 ppm.(5)

S@ns.3tivty: Oxygen difluoride is insensitive to shock at -196 0 C using
the Tr aus! sengitivity test. 'he decomposition of OF2 is appreciable
only above 250 C. (5)

C2%at~bility: Cleanliness and smooth surfaces are important for sue-
cessful operation with OF2 .
Liquid OF2 compatibility:

Aluminum alloys for short term applications
Nickel alloys are perhaps most satisfactory (e.g. Monel)
Stainless steels arq most widely used for construcrtion, however,

long term servicability has not been established
Copper and copper alloys, titanium alloys and magnesiun alloys

seem to have limited adaptability to long-term liquid operationa

"UNLSII3.12i ~UNCLASSIFIED)
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Plastics and elastomeric materials are limited because of
cryogenic temperatures

Teflon and Kel-P are compatible for sLort periods of tije,-
Gaseo's OFF service requirements do not ajpear to be more severe
chan the liquid requirement. At elevated temperatures, however, .
t -hE dEcoiaujiLiv iftca fluorine and oxygau muest be taken into co"--
sideration. (5)

o1l. : q• . •,ureatly the ualy 6ourcu of commercial qu ntciigs of
OF, is th. Allied Chemical Corporation. The present cost is $35
pet pound available in nine pound cylinders. The lowest price
forecast based on uyntheais from fluorine is $30/lb. Thiokol-•D
has conducted a cost analysis on an electrolytic OF2 process based
on HV resulting in cost Ratimates as low as $.50/lb for large scale
production. (5)

Remarks: For additional informatiou consult reports resulting from
Contract AF 04(611)-8400. Reference (5) lists 49 additional
references.

Military Specification, None
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TETIA1LU0CMRhZnk

Formula: .4 ..

Physical Properties :0
B3oilin Point: .74O(1
Freezing Point: -163 C (Ck)
"Density: 1.65 &/cc 0 -73.0°C (1C)
Heat of Formation: -2.0+2.5 Kcal/mole () •18)

-5 Kcal/mole (1) (3)
Vapor Pressure:
Critical Temperature: 36°C 1(18)
Critical Pressure: 41.5 atb (18)
Heat of Vaporization: 3710 cal/mole (18)
Viscosity: ---
Specific Heat: 19.06 cal/mole C @ 25°C

Preparation:
1. Pyrolysis of nitrogen trifluoride over various metals such as
stainless steels, copper and arsenic.
2. N•cQogeneout reaction of nitrogen trifluoride with mercury in an
electric discharge.
3. Vapor phase reaction of fluorine and ammonia in a packed copper
reactor.
4. Thettal pyrolysis of nitrogen trifluoride over carbon. (18)

Toxicity: Tetrafluorohydraeine must be considered highly toxic and
hazardous to humans. Skin contact and inhalation must be avoided.
Studies on rats demonstrated that it causes respiratory irritation
and methemo8lobinemia. Pulmonary edew• and kidntey damagers also
detected. Repeated exposures are in.~idious, producing systemic d"age
even at low concentrations. (18)

SIesitivitl: 'etrafluorohydraxine has ben involved in countless ex-
plosions. Extreme caution should be exercised ueha dealing with this
compound especially when impurities are present. (78)

G•pat. ib: At moderate temperatures the following materials have
been used successfully with N F : pyrex glass, nickel, copper, carbon
steel, polyethylene, stainlesi iteel, bra~s, Monel, Teflon and Kel-F.
Nickel and Hnnel are reconnended for high Lemperature work. Pyrex
glass and stainless stsel .ave been used successfully at liquid
nitrogen temperatures. (18)

Availability: Availabit only by con.ract. Air Products has the only
plant nov in existence. No cost data available.

' Additional references cited in ref (18).

Military Spectficstion, None
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CCGPUND A
Formula: CIF5
Physiv.al Proaertit* 10Boiling Point: -13. C l)

Freezing Point: -103;C (19)I .sti y 1.793 5/cc @ 20'C (19-)
Heat of Formatica: -60+5 Kcal/mole (19)
Vapor Pressure:--

Pre~rýýn Chlrinepentafh-lorilde is preparad by a coatinuous process,
homogeneous gas-phase~ reaction of elemental fluorine and chlorine.
The currenit produ~tion facility has a maximumn operating range of
2000 paig and 600 F. The reaction normally is carried out at 200,F
and between 1000 and 1500 psig. (19)

Toxicit.; No limits have been antablished at the present times. It

ohcr ild be treated ~iwim.ar tiv chlorine trifluoride wbich has a threshold
limit of 0. 1 ppm. (19)

Se~tjij All tests have shoai U.F 5 to be insensitivt to initiation
and will niot propagate a dctorntton. (19)

CoMatibiljt,: Compound A has been tested with Monel, nickel, Inconel-X,
tlastelloy C, al~uminum, stainleat, steel. copper and Tefloni. Essentially
all materials tested wer;t compatible in uncontaminated CIP 56 When
CiF or the materials weure conta"±niiated with moisture only staltJloy
C otý nickel 200 proviltsc :- v 4 cosistence to attack. No Ohango
in composition of the CIF~ V iii an) of the teait. was detectable. (19)

Myjd&.i it Currently CIFS a not vcsu=Orcially available because oi
its classification. Seve'ral compan~lea will supply small quantities at
an estimated cost of $50 por po~und t,) government contractors. Pro-
Jected cost in large quantities in bttwean $0.50 and $1.00 per pound.

Kwara~u: ConsultC reports generated under Contrict AF 04(611)-7023 and
Contract AF 0-4(611)-9563 for additional information,

military Specificationh Non*
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ro~ua: 0
3 -

PhysiSal Properties:,, oilng Point : :111 9-0 M.)

Freezing Point: -192.17C (1)
Deonsity, ),46 c c @ - l12° 0 (Q) -1-

V.57y $/cc @ -183 0C (1)
SpHeat of Foation: +34.7 Kcal/mole @ 215°0C (3)
Vepor i yessure: de3
Criticas Temparoture: -12.o i C (r)
%oritical Pressura; 14.6 a ti (1)
Rdeat of Vaporization: 3o410 tal/mole s - 11i.9 t ()lIViscosity: 1.56 op 0 - 183.0-0 (1)

Specific Heant 17 cal/mole @v-e 1n.9°C (i)

.pe rt.t aa•o Pur ifiLed oxyien i n fed i lto an electric disciarge or
hbitwen hiehly charaed plasteus Te reaction 30? , 20e takes ,
bplace leavpnt a concentration of from C eo 6 wege t ptrcin t ofone.
bhis mdxture iy idt roduc ed into a re. iheraied vesase whore the
ozone condenrsen out t -h1.u9 C and i p.arti ocl presturai, (1)

LTo~jct ; The reaction om tho humn skia 4 aim ilar to that of liquid

oxygen and the coldness will caute severe eburne". Liquid ozone A(
tompersturem above the boiling point of liquid oxysen will give off
high concentrations of gaseous ozone and r or . the danear of
building up b o a toxic cooiocentrationu oi on( s of I pfa maybe readily detected by the humaa% t•OSo Tho maximu allowable con-

onthati•n for h n eigtht hour period iup O.1 n pame e oncetrations up
to 20 ppm may be oniderd nontoxic. if Chae expor tome ib chort.(o)

__ith• • 10 Ono ebt(ate of tha stability a t liquid o(o, 5 is that at
15), - tale sensitivity La0 compa3rble to that of ndtro41y6)%riU ate,

Fluoroom tgmperature., L6 ovue opone at room teporoeture Appear@ to be
aless stable then liquid ozone. Very putn ozone (impurities of lose
tathad 2po) hai show mostlurable, spontaneous decompoeition at roi
liqtupirature in is uu $laty p ontd adrued. ( e)

wO2AQ4U: The followingf r•trialis have boso shown to be cmpat~ole

wite 100t ozone ( aseou u and liquid): aluinu (25, 35, 245, 5 andS~615), stainless steel (302o 304, 316, 410 and 416), xI~t-r, Teflon,
•- P~luorocarbon gmreame, Kovar, .pyr"g and silver solders. Some materils
Sare compatible with liquid ozone but not with the gas. (1)

: Avfijlfb!.ltjy Bcaufle of stability problem• assoiated with concen-
S~trated ozone, it is costly, hazardous to concentrate and difficult
• , to transport and store. Concentrated ozone in either gaseous or

I~il liquid furm is usually produced and used as needed. (1) Th* pro-

Jected cost of otona if required in large quantities to $0.09.
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RemArks: Additionial LitOrmAtion LB tontajinod in Thoopo C. H.,Hi~~.jh ofl a2o tU==

UHM~iitsrY tcfcta.Ne

UNCLASSIFIED



m iI

MOXY 2

""_gpgoition: A mixturc of tri3 (difluoramino) £1uorcx h.• ( pound
R), tetrafluorohydrazine (N 2 F 4 ) and perehloryl fluoride (CI0 3 F). (20)
HOXY-2a

R)N2F4/ClO3F 30.3/61.8/7.9 mole %

SPhysica1 Properties :
Roiling Point: about -80°C (20)
Freezing PoInt: very vi coua -1350 C
N~nruity: 1.446 S/cc Cc 0 9(20~)

1.335 g/cc @ 25 C (20)
Heat of Formation: - 1. 7 Kcal/mole (20)
Critical Temperature: 85 C (20)
Viscosity: 0.268 cp @ 0C (20)

Preearatign: FC(NF1 ) is prepared by the direct fluorination of
anmmeline. The mLx~ure is prepared by condensing the components
together in r closed vessel. (20)

oaicity: PreLiminary tests indicate that Moxy-2 toxicity should be
based on the component N 2F4 , No threshold value has been set. (20)

S-uitiv ty: Moxy 2a is less sensitive than n-propyl nitrate as tested
in an adiabatic U-tube tester, however, it is sensitive to change in
flow conditions, especially at sharp turns in lines while the mixture
is flowing.

C ab t Platinum was the only mgtal showing no attack whatsoever
after exposure to the oxidixer at 43 C for a period of several weeks.
Stainless steels 347 and 316, Monel and pure aluminum developed light
colored films. Stainless steel 304, iron, copper, nickel, Hastellay
D3, aluminum E.C. alloy and tantalum exhibited moderate surface attack
by formation of fairly heavy surface coatings, all of which could be
scraped off. Teflon is the moot satisfactory of the nonmetals tested,
while Butyl and Buna-N are marginal. (20)

Availability: There is no known source producing Moxy 2& at this time.

Binha: For additional information consult reports generated under
Contract AF 04(611)-8182. Initial mall engine tost firings with
Hoxy 2a and N H showed that this oxidixe'" was too sha k sensitive
to safely hanslt.

Military Spec 4 fication, None
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T TP~AKIS DPUMIO ~~I

(Compound T) (Delta)

Formula: C(NF 2 )

Phiysi~cal Proeerties:
Boilng Pint:(13)

Freezing Point: -20 C (13)-IDensity: 1.65 gin/cc @25 0C WA3N
Heat of Formatien: I4-F1L X1/oj (17)
Vapor Pressure:

. . . . . .. . .Critical Temperature: --
Criiical Pressure:
Heat of Vaporization: 6.4 Kcal/mole (13)
Viscosity:
Specific Heat:--

Preparat ion:
a. Minnesota Mining & Manufacturin Copany synthesis:

(F N) C - NF + NH3  Lo Fn)Y- N

_IFU F22 ;) C(NF2)

b. American Cyxnamid Company synthesis:
HNF

(F N) C =NF + H1NCO- (F N) -NC(C

(F N) 2c NCO+ F -jý'C (NF2) (13)

Toxicity: Compound "T" should be considered to be as toxic as chlorine
trifluoride.

Sensitivity: This compound is highly shock sensitive.

Comgpatibility: Compatibility should resemble that of chlorine tri-
fluoride.

Availabilit: Not commeercially available. It has only been made in
gram quantities in the laboratory.

llil-ary SpecificatiorL, None
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CONWORDENTIA"

MNONX D

Formula; A thixotropitc ixture of beryllium (16.6%), hydrazine
nitrate (28.7%), hydrazine (37.5%) and water (17.0%). This com-
poiion alon0g with u.3% geiling augrnL has Deen aesignaten MONEX
DW 17 G.3

Physical Properties:
rreezing Point: -57.3 C (30%
Density: 1.229 g ' cc @ 025oC (30)
Vapor Pressure: 9 mm Hg @ 25° C (30)
Sp•e,-c fe, ,_,,,pose: 308 -aeckJr

Preparation: The conposition is foriaed by mixing the components
together in a moistture free atmosphere,

Toxicity: Monex D is very toxic due tc the presence of beryllium.
Beryllium handling methods and precoutions must be used when working
with this propellant.

Sensitivity: Monex DW 17 G.3 has been found to be insensitive to shock
using the standard impact sensitivity test, the card-gan test and
thermal stability test for monopropellants. During preparation,
however, the sensitive nature of- hydrazine nitrat--must be considered.

Compatibilit - The compatibility of Monex D is determined by its com-
ponents. I.• erials usable with hydrazine should be compatible with
Mone.,

Availability: Monex is still in the developmL,.t stage. Only laboratory
samples have been prepared to date,

Remarks: For additional information consult reports re-sulting from
Contract AF 04(611)-9713.

Military Specification, None
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Final Report, 3 Volumes, Union Carbide Corpcration, 1 November 1964.
(Confidential)

9. "Handbook of Astronautical Engineering," Heinz Hermann Koelle, McGraw-
Hill Book Co., 1961.

10. "Storable Liquid Propellents," 2nd Ed., Report No. LRP 198, Aerojet-
General Corp., June 1962.

11. "Storable Liquid Propellants," Revision A, Aerojet-Gereral Corporation,
October 1960.

12. "Liquid Propellant Manual," Liquid Propellant Information Agency, 1961.
(Confidential)

"*13. "Solid Rocket Propellant Research and Development (U)," Annual Report,
Jan-Dec 1962, Contract NOrd 18728, American Cyanrmid Co. (Confidential)

"*14. "Solid Rocket Propellant Re'earch and Development (U)," Progress Re-
port No. 16, April-June 1964, Contract NOrd 18728, American Cyanamid Co.
(Confidential)

15. "Chemical Safety Data Sheet S:-84 - Boron Hydrides," Manufacturing
Chemists Association, 1961.

*Classified information has been extracted from documents lis~ed under

References marked with an asterisk.
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16. "Pentaborane," Technical Bulletin CT-1300, Production Information,
Callery Chemical Co., 1 October 1961.

*17. "Chemical Research as Related to Advanced Solid Propellant. XU')--
Renort No. 19 (Final Report), Jan to Dec 1963, Contract NOrd 1868N, Min-
nesota Mining and Manufacturing Co. (Confidential)

S18. " . ........ - - " L q-'.dA ••

18. "T -af-•-th~ L.q, -- Propellant Information Azancy Unit,
6 July 1962.

"*19. "Preparation and Characterization of a New High-Energy Oxidizer (-U),"

Final Report, Contract AF 04(611)-9563, Rocketdyne, January 0965. (Confi-
l .dential)

* *20. "Evaluation of a High Energy Liquid Propellant Reeket Engine Oxidizer
1 and a Pilot Production if Same (U)," Final Report, Contract AF 04(611)-

8182, Minnesota Mining and Manufacturing Co, April 1965. (Confidential)

*21. "Interhalogen Oxidizers and Hydrazine Fuels for Packaged Liquid Power
Plants," TPR 120-64, Thiokol Chemical Co., Reaction Motors Division,
January 1964. (Confidential)

*22. '12ackaged Liquid Propulsion Symposium," CPIA Publication No. 13,
-Bureau of Naval Weapons, March 1963. (Confidential) -.

23. "Thermodynamics of Rocket Propulsion and Theoretical Evaluation of
SSome Prototype Propellant Combinations," Thomas 0. Dobbins, WADC TR-59-

757, December 1959.

24. "Propallant Performance Data," Callery Chemical Co., 1961.

25. "'Theoretical Liquid Propellant Performance Calculations (U)," Dmnald
G. Nyberg, NAVWEPS report 8588, NOTS TR 3597, U.S. Naval Ordnance Test
Station, October 1964. (Confidential)

"26. "Theoretical Performance of Rocket Propellant Combinations," Publi-
catiou 573-A-2 Rev. 3-64, Rocketdyne.

*27. AFRPL (RPCL) Computer program,

*28. "Proceedings of the Metallized Gelled Propellants Conference," Air Force
Rocket Propulsion Laboratory, 10-12 June 1963. (Confidential)

*29. "2nd hetallized Gelled Propellants Conference," Air Force Rocket Pro-
pulcion Laboratory, 26-28 August 1964, CPIA Publication No. 64, November
1964. (Confidential)

*30. "Investigation of a High-Energy Monopropellant," Annuel Summary Re-
port, Rocket Research Corp, AFRPL-TR-65-18, April 1965. (Confidential)

*Classified information has been extracted from documents listed under

8.2 References marked with an asterisk.
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X. SOLID PROPELLANT THEORETICAL PERFORMANCE

(listed by fuel)
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UNiCLA$•iFiIP -211
ALLMINUM 2

207. PE / 65% NP / 15% Al AMU1

IST Dearsit __ Vac !so

7281 sec 3870 K 1.772 g/ec 5526 ftisec 355 sec

20% PE / 65% HAP / 15% A! (25)

TC ~DensityCVaý
263 sec 2930 0 K 1.699 g/cc 5237 fL/sec 321 sec

15% N( / 30% TIETN / 1% AN / 447. INFO 635 / 107. Ai (25)

.LR T, Density C*

279 sec 26400K 1.79 g/cc 550 ft/sec

NOTE:
-A"Ti'sea ievel specific impulb values ore at 1000 psia chamber pressure
expanded to 14.7 psia.
All vacuum specific impulse values are at 1000 poit chanber preu2ure and
-a : *:'ansion ratio of 40:1.

10.1
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E a,

BERYLLIUM4

25% TETN 47, DEGDN 9,5% PNC / 1.5% TDI / 27.73% AP / 12.27% Be / 20% TJAZ

T 7)P- Ryiqitv
S287 sec 3;520K i.691 gicC 5631 ftilsur-

2 23.,12% '1METN /2. 78% IDEGDN /8. 79%. NC 1. 85% TDI /046% FG 2.9.11% AP

11.89% Be. Z 27. TI-A (•

&9, see 3485 K 1,628 g/ec 5C50 ft/se¢ 332 see

13% NC / 37% nfETN / 33% AP / 177. Be (0)

S• T Density

280 sec 39650 K 1.66 g/cc

9.95% NC I 14.93% THETN / 16.417% DEGDN / 1.0% TDI / 26 2"% AP / 11.557. Be /
19.9% TAZ (8)

T Density-- c

9 see 3481 K 1.62 g/cc

NOTE:
All s 7.•'cl upecific impulne ,alues sre at 1000 pafs chamber prerftre
expanded to 14.7 psia.
All vazuum *pecitic i"puIse Vtalues are at 1000 psi. chambe.. prossure sld

an expansion ratf.o -f 40;.

1U. 2, ,IW~.2 . A



UNCLASSIFIEP

P-BEP/TV0PA 1/1
21". Binder /50A BTU /20'/ AP /5% Boron (',

297 sec 4255 K 1.828 g/cc 5940 ft/:3ýc 36b sec

P-1BEP/fl4ETh. 1/1

.. T Density'Vac Isp

299 S-c 4340 CK 1.766 g/fcc 5981 ft/stoc '369 Sec

35". F-BEP / 40% BTU / 20'% NP / 5% Borc.- (25)

300 T~c08 0  Densit C acys
30 ,! 480K 1.807 g/cc 5951 ft/sec 374 sec

P- -3E P / 25% AP / 5% F,-ron (5

ISLE IC ens-i-t-y Vac Isp

279 sec 3409 0K 1 j42 glcc, 5568 ft/sec 344 sec

All E':fl 1'11vel Lr~ciic LmPu1se .i ' at 1000 p~ia chamber presaure
iexpandecl to 14, f-id.

Alva-,uuin -,pecr-.ir ' Ise valu~e- are at 1000 psis c.aambei pressure and
A., eXpangiOV i:O Of 4ý,: 1.

UN CLASSUIEID
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-~ i d IUz 52 7 1,. P-• / 4.4 ir 11./ Li I 4 5. .Z •il25

16;3 T Densit

POLYU

75% N? (5% Coat) /25% POLYU (25)

-C
270 sec 35180K 5182 ft/sec

NOTE:
=Al men level specific impulse vnlues are at 1000 psi* chamber pressure

expanded to 14.7 psias.
ll vacuum specific impulse values are at 1000 psia chamber pressure and

an expansion ratio of 40:1.

10.4annm Jmmm



20% 23% - 1a

3T Density C*

292 sec 3527 ,i 1.616 gicc 5781 6/ec 351 &ciI

20% P4 i 5 51 HF / .Uzij-i

Tp T Dens Vac Isp--¢

272 sec 242301 1.53 g/cc 343 sec

87. NC / 24% T7GDN / 507. INFO-635 / 18% 1U-1 (,!5)

. . T Density C* Vac Ir

280sec 3156 K 1.62 g!cc 5545 ft/sec 410 sec

INM

SAllsea level specific impulse values are at 1000 psis chamber pressure
expanded to 14.7 psi..
All vacuum specific impulse values are at 1000 psis chamber pressure and
an expansion ratio of 40:1.

10.5
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_ 4
207, T-EEP / 55% AP / 257. I2V-2 (25)

T D4-nsity C

W iicg cc&c

80.8% NC / 3.97% DEGDN / 35.1% NIBTN / 35. 2% (15) -

*S T Dens it y

301 sec 3588°K 1.27 g/cc

11.4& NC / 23% TEIN / 22% Plasticizer I 27% AP / 3.2% Be metal / 13.5%
LMi-2 (amorphous) (8)

I P T Density--c

304 sec 3453°K 1.36 g/cc

48% '•ITN / 2.3% PIMA / 29.6% NP (5% coat) / 1.1% Be / 19% Beane (8)

Isp T Density-c C

317 sec 35880K 1.27 g/cc

33% P-BEP / 43% NP / 24% LMi-2 (Density 0.82 g/cc) (25)

S Tc_ Density

325 sec 3667°K 1.49 g/cc

63.5% Double Binder* / 17% AP / 19.5% U2M-2 (25)

ST Densit_

311 sec 3S4.. 1.37 g/cc

NC / 62% NG / .- TA / 2% NDPA / -,. Res.

NOTE: All -zVel specli- ý.mpulse values are at 1000 psia chamber

pressure e. .ed to 14.7 pata.
All vacuum specific impulse values are at 1000 psis chamber pressure and

an expansion ratio of 40:3.

1 .6
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XI. SOLID PROPELLANT 'ntEORETICAL PERFORMANCE

(listed by oxidizer)

11.
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/ / :• AMMONIOMIU PERChLORATE

"7.5t 11" 2T• 47 DEC-DN/ 9.5% PWC / 1.5% TDmi 227.-73 A/2 '
(25)

T Density C*

287 sec 3552 K 1.69 g/Co 5631 ft/sec

Z 3.12 % ZIETN i 2.787. DEGDN / 8.79% NC / 1.85% TDI 1 0.46% EC / 29.11% AP /
11.89% Be / 227. THA (25)

Isp T Density C* Vac IsR

293 see 3485 K 1.628 g/cc 5650 ft/sec 332 sec

13 % NC / 37% -IMETN / 33% AP / 17% Be (8)

-- •T DensirL

280 sec 3965 K 1.66 g/cc

9.95% NC / 14.93% MEMN 16.41% DEGDN / 1.0% TDI / 26.26% AP / 11.55% Be /
19.97. TAZ (8)

ISO T Density

289 sec 3481°K 1.62 g/cc

207. P-BEP / 55% AP / 25% LMH-2 (25)

SI•c Density _C* Vac lop

321 sec 3290°K 1.279 g/cc 6168 ft/sec 413 rec

10.87% NC / 3.9% DEGDN / 35.1% NIBTN / 3.27. AP / 15% LMH-2 (18)

ISP T Densaty )

301 sec 358001 1.27 g/cc

NOTE:
-flsea l.v*1 specific impulne values arp at 1000 psis chamber preesure
expanded to 14.7 psi*.
All vacui.m specific impulse values are at 1000 psi& chamber pressure
and an ezpsnsion ratio of 40:1.

"I MM Ivia.



w

11.4% NE / 23% MIN / 22% Plasticizer / 27% AP / 3.2% Be / i3.5" LMH-2
(amorphous) (8)

ST Density

304 sec 3453 K 1.36 g/cc

63.5% Double Base Binder* / 17% AP / 19.5% LM-2 (25)

-- c
311 see 33450K 1.37 &/cc

*29% NC / 627. NG / 5% TA / 2% NDPA / 2% Res.

25% Binder (P-BEP/TVOPA :: 1/1) / 50% BTU / 20% AP / 5% Boron (25)

1 P--cT Denst C* Vac Isp

297 sec 425501Y 1.828 g/cc 5940 ft/saL 366 sec

25% Binder (P-BEP/ETN :: 1/1) / 60% BTU / 10% AP / 5% Boron (25)

i8 T Density C* Vac Isp

299 see 4;400K 1.766 g/cc 5981 ft/sec 369 see

70% P-BEP / 25% AP / 5% Boron (25)

I*1 T Density C* Vac lap

279 see 3409°K 1.742 8/cc 5568 ft/sec 344 sec

NOTE:
All ea level specific impulse values are at 1000 pnia chamber pressure
6xpanded to 14.7 psls.
All vacuum specific impulse values are n.: 1000 psia chamber pressure
and an expansion ratio of 40:1.

11.2
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NITRONIUth PERCHLORATE.

20% PE / 65% NP / 15% Al (25)

Des ity C* _

-Vac I3P3 281 see 3870:K 1.772 g/ce 526 Itt/itc 3 C

20% PE / 62.5% NP / 17.5% LMi-i (25)

T-p T Densit, yI* Vac Ispi-_* -'- ,,

292 sec 3527'K 1.616 g/cc S781 ft/sec 361 see

487. ThETN / 2.3% PMbA / 29.6% NP (5% cost) / 1.17% Be / 19% Beane (8)

-Isp T. Density

317 sec 53880 K 1.27 g/cc

S33L P--BEP / 431. NP / 24"% LMH-2 (Densitv 0 (25)

-Isp T Density

352 sec 3667ýK 1.49 g/cc

35% P-BEP / 403' BTU / 20% NP / 5% Boron (2>)

Ip T DensitV Vac Isp

300 sec 4408'K 1.807 g/cc 5951 ft/sec 374 sec

28.7% P-BSP / 14.4% NP / 11.7% Li / 45.2%7 BTU (25)

p 7T Densi tv
I-c 4

308 sec 4761 0 K 1.40 g/cc

75% NP (5% coat) / 252 POLYU (25)

Isp T C*
-c-

270 sec 3518 0 K 51.82 ft/sec

NOTE: All sea level specific impulse values are at 1000 psia chamber
pressure expanded to 14.7 psia.
All vacuum specific impulse values are at 1000 psia chamber pressure
and an expansion ratio of 40:1.

11-3• ' 4IDENT!AL
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HAP

20% PE / 65% HAP/ 15% AI (25)

i T ______ C*

263 sec 2930°K 1.699 g/cc 5237 it/sec 321 sec

20% PE / 55% RAP / 25% IM-1-1 (25)

ISM T Dae-;.nty Val Isp

272 sec 2423°K 1.53 g/cc 343 sec

iI

NOTE:
=•A ges.ma level specific impulse values are at 1000 pasa chamber pressure

S~expanded to 14.7 psi*.
S~All vacuum specific impulse values are at 1000 psia chamber prtssure

Sand an expansion ratio c. 40:1.

11.4I



CONEDENUA

INFO 635

15% NC / 30% DETN / 1% IN / 44% I•FO 635 / 10% Al (25)

- I T Density C*

"279 sec 3640°K 1.79 g/cc 5510 ft/sec

8% NC / 24% TEGDN / 50% INFO 635 / 18% LMR-1

isp iT Density C*Vac lop

280 sec 3156 K 1.62 glcc 5545 ft/sec 410 sec

NOTE;
XKrrsl level specific impulse values area at 1000 paia chamber pressure
expanded to 14.7 psia.
All vacuum specific impulse values are at 1000 pois chamber prau.ure and
ar expansion ratio of 40:1.

11.5
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X11. ABBREVIATIONS AND CODE NAMES
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SECTIONS X AND X1
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Symbo NamAJABREVLATIONS AND CODE NAMES

Al Alumirium

AN Adinconitriie

AP Ammxonium perchlorateI
Be Beryllium

Beane Bcryllium hydride

BTU Bis [Tris (Diflucramino) methyl) urea

DEGDN nlethylene glycoldinitrate

EC Ethyl centralitc

HAP Hydroxylanunonium perchiorate

INFO 635 [2-Tris (Difluoramino) methoxy] ethylaimmoni.m~ perchiorate

Li Lithium

11Hl- I Aluminum hyaride.

LMH-2 Beryllium hydrido

NC Nitrocellulose

NDPA 2-Ni-trodiphernylarnine

NG Nitroglycerin

NIBTN Nitroisob'itate trinitrate

NP Nitronium perc~hlorate

P.-BEP pol:. [1 2-bis (difluoraviino)1 -2, 3-epoxy propane

PE Polyethylexte

PMKA Pol-~methylmethacrylate

PNC Polynitrocellulose

POLYU Polyurethane5

Res Resorcinoi

TA Triacetin

TAZ Triaminoguanadiniumazide

TDI Toluene diisocyanate

TEGDN Triethylenteglicol dinitrate

THA TAZ ,N2H 5N3

TKETN rrimethviolethane trinitrate

TVOPA Tris [his (difluorami'no) vinoxyl propane

v
12. 1
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X1.SOLID PROPELLANT DATA SOURCE LIST 1
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ii UNCLASSIFIED
SLDp"APEITANkWr)4TA SOURCE LLST

1. 1103A Computcr Program Data File

2. National B3ureau of Standards

.3. Pennsalt Chemicals Corporation

4. Esso Research and Engineering Company

5.Callery Chemical Coý.panny

*i. American Cyanamid Clcpany

7 , Dow Chemical Cowpý.tty

8. Atlantic Research Corporation

9. Aerojet-General Corporation

10. E. I. du Pont de Nenours & Company

11. Minnesota Mining and Manufaccuring C~mpany

12. Ethyl Corporation

13. Union Carbide Chemical Compaiiy

14. Chemical Engineering Handbook

15. Handbook of Chemistry and Physics

16. JANAF Compilation

17. United Technology Corporation

18. Lockheed Propulsion Ccvtpany

19. Rocketdyne

20. Navy Propellent Plant

21. National Research Corporation

22. Thiokol Chemical Corporation

23. AFRPL (RPCL) - calculated

24. United Aircraft Corporation

25. AFRPL Ccmputcr Program

un-1 SS1F I D



Secutity cl*ms$iication
DOCUMEN4T CONTROL DATA - R&Dj

I. ORjG G AT C T I 1CT Y W,..-oiAl. euzh.r) 141. mr"*y 11Ft C LAOW*IPiCAT.OQd

Air Force Rocket Propuldsion L~aboratory,

Edyayds Calif._ _ - _________ _________

Propellant Handbook (VIi

94D FS-'RIPT 1IV F NO0GES (Typo o f mpo ri &sd fnc ,Iw I d. t a)

5AUTHO WS) (Ler r Vmtb. Mrst naftw. Minflof

von Doehren, Paul j., Lt, UISAY

6 REPORT DATE 7A. TOTAL- NO OF PA4111 I7b. 10. OF NEMP~

Janiuary 1966 I135
8. CONTRACT ON GRANT NO0. j 6. ORISINAYON'S RiEponT NumeawsE )

b. PiscicT'. AFRPL-TR-66--4

db ___________________ r1 c pt d a#) p o____________A0410

10. AIA ILAUikITrYlLIMITATION NOTICcI In addition to security reurmm hc utt

met, this document is subject to special. export controls and each transmittal to
foreign governments or foreign nationals may be mad~e only with prior approval

11. ~ ~ ~ ~ ~ ~ ft SUPEETR OEgI PONSORIN MILITARY ACI-VgVIT

See Block I

(U) A compilation of data on both liquid and solid propellansts is ?resented
with emphasis on liquids. Physical properties of liquids include: boiling point,
freezing point, density, heat of formation, vapor pressure, critical prcperties,
heat c-f vaporization, viscosity and apecific heat. A. discussion of the preparation
method, toxicity, sensitivity, compatibility and availability of liquid propellants
is also given. Property data on solid propellant co'nmponentio consists of densities
and heats of formation. The results of theoretical calculations on the perform-
ance of both liquids and solids is presented and includes. when available and
applicable, the maximum specific impulse, characteristic exhaust velocity,
chamber temperature, mixture ratio, bulk density, maximurr density impulse
and mixture ratio, vacuum specific impulse and area ratio.
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Sec,.i Cliicoti41. .

____an__ OOT T * 61-g w

Rocket Chemical Propellants"• ~Propellants

Handbook
Liquid Propellants3 Solid Propellants

i i
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